The ability to invariably identify spoken words and other naturalistic sounds in different temporal modulations and timbres 1 requires perceptual tolerance to numerous acoustic variations. However, the mechanisms by which auditory information is 2 perceived to be invariant are poorly understood, and no study has explicitly tested the perceptual constancy skills of nonhuman 3 primates. We investigated the ability of two trained rhesus monkeys to learn and then recognize multiple sounds that included 4 multisyllabic words. Importantly, we tested their ability to group unexperienced sounds into corresponding categories. We found 5 that the monkeys adequately categorized sounds whose formants were at close Euclidean distance to the learned sounds. Our 6 results indicate that macaques can attend and memorize complex sounds such as words. This ability was not studied or reported 7 before and can be used to study the neuronal mechanisms underlying auditory perception. 8
4
Spanish word for 'yes') gradually morphed into a T coo monkey call. Fig. 2b shows psychometric functions (PFs) of the probability 48 of recognising a morph as a T. Here, the differential limen (DL) indicates the minimum proportion of T required for recognition of 49 a morph. There were no differences between monkey V's and monkey X's DLs: 11.3 ± 1.2 and 10.93 ± 1.4 (mean ± SEM), 50 respectively (Kruskal-Wallis test, p = 0.93; Supplementary Table 2 ). In order to elucidate the acoustic variables responsible for 51 recognitions, we calculated acoustic functions of morph parameters (e.g. AM, periodicity, entropy and pitch; see Methods) to 52 contrast to the PFs. Thus, we derived Pearson acoustic functions (PAFs) from Pearson correlations of each morph and 100% T 53 ( Fig. 2c) . Therefore, the PAFs express the similarities between the morphs' acoustic modulations and the modulation of T. 54 Nevertheless, as an alternative, we computed acoustic functions of the Euclidean distances (FEDs) between parameters in the 55 morphs and in T (Fig. 2d ). Finally, to determine whether recognition of morphs as T depended on Pearson or on proximities to 56 acoustic parameters, we performed Spearman correlations of PAFs and FEDs with the PFs (Figs. 2e and 2f , respectively). The 57 results indicated that FEDs of mean frequencies were strongly correlated with performance. Here, the average rho-values were 0.97 58 and 0.96 for monkeys V and X, respectively (p < 0.05, Supplementary Table 3 ), meaning that acoustic saliencies such as the 59 formants drove the monkeys' abilities to recognise sounds.
60

Invariant recognition arises from variants at Euclidean proximities to learned sounds.
61
To test for IRS in macaques, we presented the monkeys with several versions of the learned sounds, e.g. one word uttered by 62 different individuals. We experimented with sets of five versions of each T and N. Fig. 3a presents the T ['pwɛɾ.ta] spectrogram, 63 i.e. the Spanish disyllabic word for door, and five variants (v1-v5). The boxplots in Fig. 3b correspond to the probabilities of 64 recognising the versions as a T. The monkeys recognised 78.0% of the fifty versions above chance (one-sample sign test, p ≤ 0.05), 65 with no performance differences between the two monkeys: 84.4 and 84.3% hit rate (Mann-Whitney test, p = 0.148). To determine 66 whether the recognition of a version was due to the Euclidean proximity between any of its acoustic parameters to a learned sound, 67 we calculated various FEDs from various acoustic parameters. Fig. 3c shows that, using the parameter 'Mean Frequency', the 68 Euclidean distances of ['pwɛɾ.ta] to four of its versions were smaller than the distances of those versions to other learned sounds.
69
The only exception was a version closer to the coo sound. However, the normalised distances showed that the version of ['pwɛɾ.ta] 70 closer to the coo produced the lowest performance ( Fig. 3d) . Similarly, Fig. 3e shows that the mean frequency of variants of other 71 5 learned sounds were also closer to the expected category (Spearman correlation, R = 0.92, p < 0.01). Moreover, the FEDs of the 72 sounds' mean frequencies explained performance better than PAFs and other acoustic parameters ( Fig. 3f ).
74
The formants of the sounds contribute to IRS.
76
Since the mean frequency is derived from the mean power of the frequencies in a sound, we explored the contribution to IRS of 77 the frequencies with highest power modulations, e.g. the acoustic formants. To do this, we presented the monkeys with sounds of 78 some formants of the learned sounds and their versions. Fig. 4a shows spectrograms of the T [ko.'mi.ða], i.e. the Spanish trisyllabic 79 word for food, and its F1, F2, and F1&F2 formants. Similarly, Fig. 4b shows spectrograms of a version of [ko.'mi.ða], and its 80 formants. The hypothesis was that formants of the learned sounds would suffice to drive the monkeys' recognitions. Moreover, 81 that formants of the versions modulated in the range of the learned sounds would also work for acoustic recognition (Fig. 4c ). The 82 monkeys performed for no more than forty presentations of each sound in order to prevent the learning of formants as T or N. Fig.   83 4d presents the mean performance of the monkeys during the recognition of sounds in Fig. 4a -b.
84
The monkeys significantly identified [ko.'mi.ða], its formants, the versions, and the versions' F1&F2 formants (one-sample sign 85 test, p < 0.01). However, the versions' F1 or F2 alone were not sufficient for recognition. Fig. 4e is the same as with a P of 0.73 ± 0.09. Meanwhile, the false alarms of learned N had a P of 0.14 ± 0.06, and for Ns versions P was 0.24 ± 0.16.
90
Overall, 94% of F1&F2 of learned and version sounds were recognised significantly (one-sample sign test, p < 0.01)
91
( Supplementary Table 4 ). These results suggest that the invariant recognition of sounds in macaques is created from acoustic 92 saliencies modulated in the range of saliencies of learned sounds. We presented evidence of the invariant recognition of sounds in monkeys. This evidence is mainly supported by the ability of the 96 monkeys to recognise variants to which they had no previous exposure. The learned sounds included words and naturalistic sounds 97 in a broad range of frequencies and temporal modulations. Remarkably, the recognition of the variants was based on their Euclidean 98 proximity to the saliences of the learned sounds. To our knowledge, this is the first demonstration of the ability of monkeys to store 99 in long-term memories information about the sound of words and other naturalistic tokens. Macaques learn numerous naturalistic sounds. 102 The training of monkeys was indeed more tenuous and prolonged than in visual or tactile paradigms (Lemus, Hernández, & Romo, 103 2009; Rajalingham et al., 2015) but achievable, they recognised sounds that included multisyllabic words above a hit rate of 90%.
104
This single result suggests that acoustic circuits cannot be entirely based on genetic programmes (Brockelman & Schilling, 1984; 105 Owren et al., 1992; Zador, 2019) , similar to recently reported in songbirds (Moore & Woolley, 2019) . Moreover, we verified that 106 the learned sounds remained in long-term memories because the monkeys were able to solve the task effective after periods of up 107 to five weeks of rest.
108
A realistic possibility was that the monkeys only learned the first or the last chunks of the sounds. Nevertheless, since the macaques 109 had to wait for 0.5 s after each sound to respond they probably accumulated all available evidence, similar to previous reports 110 showing that they needed all disposable information for discriminate acoustic flutter-frequencies(Lemus et al., 2009), for example.
111
A weakness of our study was the lack of semantic relationships to each of the sounds. Perhaps with the only exception of the 112 conspecific vocalizations, other sounds have no particular meaning for the monkeys other than being T or N. If this was the case, 113 it is interesting to note that the monkey vocalizations acquired and alternative meaning to the monkeys; i.e., T or N, which also 114 mean reward and holding down the lever, respectively. Nevertheless, in our study, the repertoire of frequencies within the Ts and , 2008; Tsunada et al., 2011) . Experiments conducted with behaving ferrets showed that A1 neurons can 157 respond to variations of vowels (Town et al., 2018) . However, the neurons were sensitive to input timing, suggesting that the 158 recognition of longer and more complex sounds requires further cortical integration.
159
Based on our results, it's probably that recognition circuits hierarchically integrate patterns of acoustic prominences, including 160 combinations, as in words. Furthermore, recurrent sounds create neuronal templates, sometimes evoked by similar saliencies of 161 variants. Further experiments may explore semantics using our auditory paradigm. For example, the coding of the meaning of 162 conspecific vocalizations in different brain areas (Chandrasekaran, Lemus, & Ghazanfar, 2013; Ortiz-Rios et al., 2015; Petkov et 163 al., 2008; Rauschecker & Tian, 2000; Rauschecker, Tian, & Hauser, 1995; Recanzone, 2008; Robert J. Zatorre; Pascal Belin, 2001; 164 B. Tian et al., 2001) . In conclusion, the behavioural paradigm we present could serve to advance the study of acoustic recognition Two adult rhesus macaques (Macaca mulatta; one male, 13 kg, ten yrs. old, and one female, 6 kg, ten yrs. old) participated in this 179 study. Typically, each monkey performed ~1000 trials during sessions of three hours (one session per day, six sessions per week).
180
The monkeys received a daily minimum water intake of 20 ml/kg, completed in cage as needed. The monkeys' training lasted 181 approximately two years and concluded after each one recognised more than 20 sounds above an ~85% hit rate. Training and 182 experimental sessions took place in a soundproof booth. The macaque was seated in a primate chair, 60 cm away from a 21" LCD 183 colour monitor (1920 x 1080 resolution, 60 Hz refreshing rate). A Yamaha MSP5 speaker (50 Hz -40 kHz frequency range) was 184 placed fifteen cm above and behind the monitor to deliver acoustic stimuli at ~65 dB SPL (measured at the monkeys' ear level).
185
Additionally, a Logitech® Z120 speaker was situated directly below the Yamaha speaker in order to render background white 186 noise at ~55 dB SPL. Finally, a metal spring-lever situated at the monkeys' waist level captured the responses. The acoustic recognition task (ART) consisted of identifying T and N sounds. Fig. 1a presents the elements of the paradigm as 191 follows: First, a grey circle with an aperture of 3° appeared at the centre of the screen, and the monkey pressed and held down the 192 lever. Immediately thereafter, a playback of from 1 to 3 sounds began, and a T was always the last sound (Fig. 1b) . After each 193 sound, the monkey kept the lever down for another 0.5 s until the visual cue turned green (G). If the audio was a T, the monkey 194 had 0.8 s to release the lever and receive a drop of liquid. However, releases at other periods constituted a false alarm (FA) that led 195 to the abortion of the trial (Fig. 1c) . The task's programming was in LabVIEW 2014 (SP1 64-bits, National Instruments®). 
